Electrical conduction of silicon oxide containing silicon quantum dots 
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Current- voltage measurements have been made at room temperature on a Si-rich silicon oxide film 

f\ • deposited via Electron-Cyclotron Resonance Plasma Enhanced Chemical Vapor Deposition (ECR- 

^ '. 

PECVD) and annealed at 750 - 1000 °C. The thickness of oxide between Si quantum dots embedded 
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in the film increases with the increase of annealing temperature. This leads to the decrease of 
current density as the annealing temperature is increased. Assuming the Fowler-Nordheim tunneling 
mechanism in large electric fields, we obtain an effective barrier height <j)eff of ~ 0.7 ± 0.1 eV for an 



^ ' electron tunnelling through an oxide layer between Si quantum dots. The Frenkel-Poole effect can 



also be used to adequately explain the electrical conduction of the film under the influence of large 
electric fields. We suggest that at room temperature Si quantum dots can be regarded as traps that 



^ ■ capture and emit electrons by means of tunneling. 
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I. INTRODUCTION 
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Si quantum dots (QDs) have been showing great promise as the basis for Si hght-emitting devices[ 
quantum efficiency of Ught emission is significantly increased in Si QDs compared with bulk Si because of the three- 
dimensional confinement of carriers in small volumes (<'^ 5 nm in diameter) that are virtually free of defects. These 
QDs are usually embedded in a Si02 matrix to take advantage of the high quality and stability of the Si/Si02 interface. 
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It has been shown that electrons are the dominant carriers in silicon oxide containing 



of Si QDs leads to a conductivity larger than that of Si' 
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The incorporation 



DiMaria et al 4] examined all possible mechanisms for 



charge transport in silicon oxide containing Si QDs, fabricated by annealing Si-rich silicon oxide (SRSO) designated 
as SiOx {x < 2) with Si atomic concentrations of 34 - 39% at 1000 °C for 30 min. They concluded that the dominant 
conduction mechanism appeared to be controlled by the tunneling of electrons between the QDs. In another study, 
Maeda et al\^ investigated the electrical properties of QDs fabricated by the rapid thermal oxidation of an ultrathin 
amorphous Si (a-SiiH) film. They found that the charging and consequent screening of the QDs led to A'^-shaped 
current(/)-voltage( V) curves. These above examples of work hi^light the complex nature of electrical conduction in 
silicon oxide containing Si QDs. Despite these and other studies[8|,|9|, a complete picture has yet to be proposed and 
fully described. 

It is well known that electrons can travel through a thin Si02 film by means of direct tunneling or Fowler-Nordheim 
tunneling 10]. Direct tunneling indicates the presence of a trapezoidal potential barrier whereas Fowler-Nordheim 
tunneling takes place when electrons tunnel through a potential barrier triangular in shape. Generally speaking, a 
large electric field is needed to transform a rectangular potential barrier to a triangular potential barrier. Therefore, 
Fowler-Nordheim tunneling usually dominates in relatively high electric fields while direct tunneling is the main 
conduction mechanism in low electric fields. Although tunneling is regarded as being mainly responsible for charge 
transport in Si02 , the Frenkel-Poole effect has also been observed in Si02 [ill Il2| . The Frenkel-Poole effect relates 
to the electric field enhanced thermal emission of charge carriers from charged traps jllUl3l |. Given the fact that Si 



QDs can be charged !_7| , it is possible that they efficiently emit charge carriers in silicon oxide with the help of electric 
fields. 

In the present work /- V measurements were performed at room temperature on an SRSO film with a Si atomic 
concentration of 40% after annealing at 750 - 1000 °C. We focus on the electrical conduction of silicon oxide in which 



Si QDs are already electrically charged. It is found that either the Fowler-Nordheim tunneling or the Frenkel-Poole 
effect can be used to explain the electrical conduction in our experiment. We propose that at room temperature Si 
QDs formed by Si-rich deposition and relatively low temperature annealing can be regarded as traps that capture and 
emit electrons by means of tunneling. 

II. EXPERIMENTAL DETAILS 

An SRSO film with a Si atomic concentration of 40% was grown on a <100> Cz Si substrate (As-doped, Tin- 
type, 0.0035 flcm) at a temperature of 100 °C by Electron Cyclotron Resonance Plasma Enhanced Chemical Vapor 
Deposition (ECR-PECVD). The deposition system has been described in detail elsewhere 14|. The thickness and 
refractive index of the film were determined with an cUipsomcter to be 77 nm and 1.68, respectively. The film was 
cleaved into three samples A, B and C. Each sample was subsequently annealed in a tube furnace with a flowing argon 
gas ambient for 3 h at 750, 900 and 1000 °C, respectively. All the samples were further annealed at 750 °C for 1 h in 
the same furnace with a flowing hydrogen gas ambient. Electrical backside contacts were formed via 200- nm thick Al 
deposition followed by a rapid thermal annealing at 550 °C for 5 min in a nitrogen ambient. Finally, 100-nm thick 
indium tin oxide (ITO) dots with a diameter of 1.2 mm and a transmittance of ~ 90% in the near-infrared region 
were deposited on the top of SRSO surface. 

Photolumincscence (PL) from each sample was measured at room temperature before the ITO deposition. The 
PL setup comprised a Cd-He laser operating at a wavelength of 325 nm and an Ocean Optics S2000 spectrometer 
that featured a high-sensitivity linear CCD array . The effective power density of the laser beam on the surface 
of the samples was ^ 0.64 W/cm^. Room temperature I-V measurements were performed using an Agilent 6624A 
DC power supply automatically controlled with a Labview graphical user interface (GUI). The voltage was ramped 
using a step of 0.5 V at a ramp rate of 1.9 V/s. The I-V curve for each device was derived from the measured 
voltages for an external series resistor of 100 Q. The delay time for measurements after each voltage was applied was 
5 s. This short delay led to hysterctic A^-shaped /- V curves when all the devices were measured for the first time, 
characteristic of the charging and screening of Si QDs[7|. A second measurement was carried out to obtain the static 
/- V features immediately after a hysterctic A'^-shaped /- V curve was measured. The absence of the hysteresis in the 
second measurement indicated that Si QDs were already charged after the first measurement [ 
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III. RESULTS AND DISCUSSION 

The existence of Si QDs in all the samples is evidenced by their PL. Figure 1 shows the PL spectra for sample C 
after various annealing treatments. These spectra have been corrected with respect to the system response of our 
PL setup. Si nanocrystals (Si QDs) whose PL peaks at 827 nm are formed after annealing at 1000 °C in an argon 
ambient. After hydrogenation at 750 °C the PL intensity increases and the PL peak redshifts to 842 nm. Both the 
redshift and the increase in PL intensity are partially reversed following annealing at 550 °C in a nitrogen ambient. 
These changes of PL intensity and peak position are associated with the effect of impurities such as hydrogen, which is 
discussed in detail elsewhere 15j . It is important to note that after the formation of the nanocrystals during annealing 
in an argon ambient their size changes only marginally during annealing at 750 °C in a hydrogen ambient and at 
550 °C in a nitrogen ambient (this applies to samples A and B also). X-ray diffraction measurements suggest that Si 
nanocrystals with a characteristic PL peak at 827 nm are 3.5 ± 0.7 nm in diameter. 

Much weaker PL signals are observed from samples A and B (not shown). This is caused by the amorphous nature 
of Si QDs formed at temperatures below the crystallization temperature ~ 1000 °C for nanometer-sized Si in silicon 
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18j. Comparing the PL spectra for samples A, B and C we find that the PL peak redshifts with 



the increase of annealing temperature in an argon ambient. Assu ming that quantum confinement is the dominant 
mechanism for the PL from both amorphous and crystalline Si QDs 17| > ^^ conclude that the mean size of the dots 
in sample B is larger than in sample A, but smaller than in sample C. 

No electroluminescence from these samples was detected at room temperature with our Ocean Optics S2000 spec- 
trometer. This does not significantly affect the discussion on the electrical conduction of our silicon oxide film 
containing Si QDs. The absence of electroluminescence will be addressed subsequently in conjunction with the results 
derived from the /- V measurements. Figure 2 shows static current density J as a function of voltage V for all the sam- 
ples, in which Si QDs are already charged. It is seen that J decreases for a given voltage with the increase of annealing 
temperature in an argon ambient. Assuming a homogeneous distribution of QDs with a negligible size dispersion, we 
relate the thickness s of oxide between the dots to the size d of the dots, such that s = (2.9687 x 10^ / \/C excess — 1)^, 
where C^xcess is the excess Si concentration in cmT^ 19]. For our film with a Si atomic concentration of 40% s — 
0.78d. Therefore, J decreases with the increase of s. This is consistent with a tunneling effect, where the tunneling 
transmission probability of electrons decreases with the increase of barrier width (s) . 

The breakdown voltage ^ 31 V for sample C is larger than those for samples A and B ~ 22 V, as a result of 
their relative s values. The relatively large reverse bias of 31 V causes the formation of a depletion layer in the near 
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interface region of the Si substrate. The depletion layer width can be up to 10 nm in our case 
enough to make the tunneling current density smaller under reverse bias than under forward bias for sample C (Fig. 
2). We further suggest that the corresponding depletion layer in sample A oi B below - 22 V is not wide enough to 
generate a rectifying effect. 

We assume the Fowler-Nordheim tunneling mechanism |2lj for the electrical conduction in all the samples, in which 
the current density is given by 



J = 0q^exp[-4{2m*f''^(t>'^/'^/{3hqE)]/{16TT^n(t>), (1) 

where /, _£, cf), m* and q are a correction factor, the electric field in the oxide between Si QDs, the barrier height for 
electrons tunneling through the oxide between Si QDs, effective electron mass and electron charge, respectively. We 
plot ln{J/E'^) against 1/ E under reverse bias in figure 3. In the calculation of E it is presumed that the voltage drops 
across the ITO, Si QDs and the 7i+-type Si substrate, and the work function difference between the ITO and n+-type 
Si substrate, and the surface potential for the substrate-oxide interface are all relatively small if not negligible. Thus, 
E = Eexp{d + s)/s, where E^xp is the voltage drop across a device divided by the film thickness of 77 nm. The 
solid lines are least square fits of the form of equation (1). It is clear that both the critical electric field Ep^ for the 
onset of Fowlcr-Nordheim tunneling and the Fowler-Nordheim tunneling current density decrease with the increase 
of annealing temperature in argon during Si QDs formation. This is consistent with the dependence of the Fowler- 
Nordheim tunneling on the barrier width s 10|. Electrical conduction in an electric field below Ep^ is attributed to 
direct tunneling. 

We calculate the effective barrier height 0e// to be ~ 0.7 ± 0.1 eV by using iJ^JV = 2.5 MV/cm and s = 2.7 ± 0.5 
nm for sample C. We note that <^e// is smaller than the barrier height ^ 3 eV obtained from photoconductivity and 
photoionization measurements[j|. Figure 4 schematically shows the energy levels for electrons in the present system. 
We believe that the screening effect of charged Si QDs gives rise to localized electric fields, transforming the original 
rectangular barriers (Fig. 4 (a)) into trapeziform barriers (Fig. 4 (b)). For the occurrence of the Fowler-Nordheim 
tunneling (Fig. 4 (c)) electrons need the help of external fields to overcome the smaller bases of these trapezoids, 
which are 0.7 eV ± 0.1 eV, similar to the value of 0.6 eV obtained by DiMaria et al 4]. It is shown in figure 2 that 
J very weakly depends on the electric field polarity if the effect of the depletion layer is not considered. This results 
from the fact that the localized electric fields caused by charged Si QDs change direction with respect to the external 
electric fields. 

Assuming that (peff is nearly the same for all the samples, we calculate the values of s to be 1.6 ± 0.2 and 1.9 ± 0.3 



nm for samples A and B, respectively. Using these values of s we can estimate the maximum kinetic energy (K.E.) 
of an electron as it moves between neighboring QDs. In the simple one-dimensional case K.E. — Eqs. For samples 
A and B the maximum K.E. (determined by the film electrical breakdown) is less than 1.5 eV, which is not large 
enough to excite an electron-hole pair according to the PL data. For sample C, however, where a breakdown field of 
9 MV/cm is achievable, the K.E. could reach 2.4 eV, presumably enough to cause electroluminescence. The absence 
of electroluminescence from sample C then appears related to the small current of electrons able to tunnel between 
neighboring QDs (Fig. 2). 



We have also considered the Frenkel-Poole effect 
the current density is given by 
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as a model for charge transport in all the samples, in which 



J = CEexp{-q^/{2kB T)+[ct^E/{Tre)]'/y{2kB T)}, (2) 

where C, ^, ks, e and T are a system specific constant, the barrier height for trapped electrons to escape from Si 
QDs, the Boltzmann constant, the dielectric constant of the film and temperature, respectively. In Figure 5 we plot 
ln{J/E) against E^^"^ under reverse bias. The solid lines are least square fits based on the Frenkel-Poole effect. The 
critical electric field Epp for the beginning of the Frenkel-Poole effect approximates EpN for each sample. Using ipeff 
= qsEpp, where ipeff is the effective barrier height for trapped electrons to escape from Si QDs we estimate from 
sample C that ipeff is 0.7 ± 0.1 eV. The same values of ipeff and (j^eff lead us to believe that at room temperature 
Si QDs can be regarded as traps that capture and emit electrons by means of tunneling. The refractive index n (n = 
e^/^) has been estimated from the slope of each Frenkel-Poole effect fitting. The values of n are 1.74±0.07, 1.85±0.26 
and 3.55 ± 1.85 for samples A^B and C, respectively. The Si QDs induced increase of refractive index of silicon oxide 
has been observed previously |22|; however the value of 3.55 for sample C is unrealistic and difficult to estimate with 
greater accuracy due to the small measured current density. 

IV. CONCLUSION 

In summary, current-voltage measurements have been made at room temperature on identically deposited SRSO 
films annealed at 750 - 1000 °C. The thickness of oxide between the Si QDs embedded in the film increases with 
the increase of annealing temperature. This leads to a decrease in current density as the annealing temperature is 
increased. Assuming the Fowler-Nordheim tunneling mechanism in large electric fields, we obtain an effective barrier 
height (peff of '^ 0.7 ± 0.1 eV for an electron tunneling through an oxide layer between Si QDs. The Frenkel-Poole 



type behavior can also be used to explain the electrical conduction of the film in large electric fields. It is suggested 
that at room temperature Si QDs can be regarded as traps that capture and emit electrons by means of tunneling. 
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FIG. 1: The PL spectra for sample C, which is (a) initially annealed at 1000 °C for 3 h in an argon ambient and 
(b) further at 750 °C for 1 h in a hydrogen ambient and (c) finally at 550 °C for 5 min in a nitrogen ambient. 



FIG. 2: The current density as a function of voltage for samples A, B and C, which are initially annealed in an 
argon ambient for 3 h at 750, 900 and 1000 °C, respectively. The current density for sample C is shown 80 times 
larger than measured. 



FIG. 3: The Fowler-Nordheim plots for samples A^ B and C, which are initially annealed in an argon ambient for 
3 h at 750, 900 and 1000 °C, respectively. The solid lines are least square fits to the Fowler-Nordheim tunneling. E 
and J are in V/cm and A/cm^, respectively. 



FIG. 4: The schematic of energy levels for electrons in silicon oxide containing Si QDs. (a) The original barrier is 
rectangular with a barrier height of ^ 3 eV. (b) The localized electric field induced by the screening effect of charged 
Si QDs transforms the rectangular barrier to a trapezoidal barrier, (c) The Fowler-Nordheim tunneling occurs when 
electrons gain energy to overcome the smaller base {4>eff) of the trapezoidal barrier with the help of the external field 
E. 



FIG. 5: The Frenkel-Poole plots for samples A, B and C, which are initially annealed in an argon ambient for 3 h 
at 750, 900 and 1000 °C, respectively. The solid lines are least square fits to the Frenkcl-Poolc effect. E and J are in 
V/cm and A/cm^, respectively. 
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